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Introduction
The Neoproterozoic Era (1000-541 Ma) began with the amalgamation of the supercontinent Rodinia and ended with the assembly of Gondwana. Intervening global glaciations, massive perturbations to the carbon cycle, eukaryotic diversification, and presumed oxygenation of the atmosphere and ocean are broadly coincident with the fragmentation of Rodinia (Hoffman et al., 1998; Condon et al., 2005; Swanson-Hysell et al., 2010; Li et al., 2013) . Mechanistic interconnections among these events are commonly invoked, but remain conjectural. Middle Neoproterozoic paleogeography ( Fig. 1 ) likely favored both a cool global climate and elevated burial rates of organic carbon (Swanson-Hysell et al., 2010) , as evinced in unusually high (∼ 5h) average carbon isotope compositions of marine carbonates (δ 13 C carb ) at this time (Fig. 2) . Horton (2015) recently proposed that the high δ 13 C carb values were driven by the weathering of extensive large igneous provinces (LIP's) during the Neoproterozoic, which would have greatly increased riverine phosphorus fluxes to the global ocean. zoic Era compared to the LIP record. This δ 13 C carb compilation is revised from previous compilations (Halverson et al., 2005 . Prominent negative anomalies are labeled, including the Cryogenian Taishir anomaly, which has only been fully documented in Mongolia (Bold et al., 2016) . Sources of the data: Morocco ; Oman (Fike et al., 2006) ; Namibia (Halverson et al., 2005; Swanson-Hysell et al., 2010) Svalbard (Halverson et al., 2005) ; Mackenzie Mountains (Halverson, 2006; Rooney et al., 2014) ; Yukon (Macdonald et al., 2012; previously unpublished data) ; Southern Urals (Kuznetsov et al., 2006) , Siberia (Knoll et al., 1995; previously unpublished data) ; Mongolia (Macdonald et al., 2009; Bold et al., 2016) . The LIP record (relative magnitude) is modified from Ernst et al. (2008) . G-W = Guibei and Willouran; SX = Suxiong/Xiaofeng; G-K = Gunbarrel and Kanding.
The onset of the Sturtian Snowball Earth ca. 717 Ma (Macdonald et al., 2010) brought an end to over one billion years of nonglacial climate and a brief resumption in the deposition of iron formation. Like the subsequent Marinoan glaciation, which ended at 635 Ma (Condon et al., 2005) , the Sturtian glaciation was preceded by a deep negative δ 13 C carb anomaly-the Islay excursion ( Fig. 2 ; Strauss et al., 2014) . Several triggers have been proposed for the initiation of snowball glaciations that are linked to these pre-glacial δ 13 C carb excursions, including a transient increase then abrupt decline in methane fluxes and enhanced organic export production and anaerobic remineralization (Tziperman et al., 2011) . However, recent radiometric age constraints indicate that the Islay excursion preceded Sturtian glaciation by >10 Ma, implicitly decoupling it from the onset of global glaciation Strauss et al., 2014) . A third and still viable hypothesis is that the onset of the Sturtian snowball glaciation was driven by accelerated uptake of CO 2 resulting from the emplacement and weathering of Neoproterozoic LIP's as the rifting supercontinent drifted into the wet tropics-the Fire and Ice hypothesis (Goddéris et al., 2003; Donnadieu et al., 2004) . Because LIP's have geochemical signatures that are distinct from average continental crust, massive weathering of their surficial carapaces, continental flood basalts, should leave a distinct imprint in the sedimentary record. For example, siliciclastic sediments deposited in basins proximal to continental flood basalts (CFB's) should record primitive Nd isotope signatures and other geochemical characteristics typical of a dominantly mafic provenance. Chemical weathering of CFB's should also influence ocean chemistry (Mills et al., 2014) , for example through the input of unradiogenic Sr and Os (Taylor and Lasaga, 1999; Ravizza and Peucker-Ehrenbrink, 2003) . Consequently, the hypothesis that a flare-up in LIP emplacement in the Neoproterozoic contributed to fertilization of the oceans (Horton, 2015) and triggering of Cryogenian glaciation (Goddéris et al., 2003; Rooney et al., 2014) is testable in the sedimentary record.
To test the predictions made by this hypothesis, we have compiled new and previously published Neoproterozoic Nd isotope data on mudstones from basins proximal to a cluster of earlymiddle Neoproterozoic LIP's in northwestern North America, Australia, South China, and Svalbard and Sr isotope ratios ( 87 Sr/ 86 Sr) from well preserved marine carbonates globally. These datasets are coupled to a new δ 13 C carb compilation for the Neoproterozoic.
Together, the data reveal a dominant contribution of CFB weathering to both clastic and solute fluxes in the ca. 130 m.y. preceding Cryogenian glaciation, followed by a dramatic decrease afterwards.
These results attest to a direct role of CFB weathering on modu-lating the extraordinary paleoenvironmental perturbations of the Neoproterozoic Era and reveal the missing link between supercontinental break-up, high δ 13 C carb , and snowball glaciation.
Large igneous provinces in the Neoproterozoic
Large igneous provinces result from the extrusion of >10 6 km 3 of mafic volcanic rocks, typically in less than a few million years. Although their geodynamic origin remains controversial (Sobolev et al., 2007; Wang et al., 2015) , their association with supercontinental break-up is well established (Courtillot et al., 1999) . They are also closely coupled to many Phanerozoic environmental catastrophes including mass extinctions and climatic perturbations (Wignall, 2001; Sobolev et al., 2011; Schaller et al., 2011; Blackburn et al., 2013) . LIP emplacement, in particular CFB volcanism, perturbs global climate through the massive release of magmatic gases, most notably SO 2 , which can drive global cooling on a timescale of years, and CO 2 , which triggers global warming over 10 1 -10 5 years (Sobolev et al., 2011; Schaller et al., 2011; Blackburn et al., 2013 ). CFB's also lower pCO 2 on longer timescales (10 5 -10 7 years) through enhanced silicate weathering owing to the ∼5-10 times greater weatherability of basalt compared to felsic continental crust (White and Brantley, 1995; Dessert et al., 2001) . For example, long-term decline in pCO 2 likely followed the emplacement of both the ca. 66 Ma Deccan Traps (Dessert et al., 2001; Kent and Muttoni, 2013; Lefebvre et al., 2013) and the ca. 201 Ma Central Atlantic Magmatic Province (CAMP) (Schaller et al., 2012 (Ernst et al., 2008) . Emplacement of the ca. 725-712 Ma Franklin LIP centered on northern Laurentia temporally overlapped the onset of Sturtian glaciation ( Fig. S3 ) but apparently did not result in sufficient outgassing of CO 2 to prevent an albedo runaway (Nabelek et al., 2014) . The Franklin LIP has been estimated at 2.2 × 10 6 km 2 in original area (Ernst et al., 2008) , but was likely much larger given evidence for coeval mafic magmatism in northwestern Canada and Arctic Alaska (Macdonald et al., 2010; Cox et al., 2015) , as well as slightly older but possibly cogenetic mafic intrusions in southwestern Siberia (Ariskin et al., 2013; Ernst et al., 2013) (Fig. 1b) . By the time the Franklin LIP was emplaced in northern Canada, northern Rodinia and its abundant CFB's were positioned in the wet tropics (Fig. 1) . Combined with the incipient rifting of Rodinia at this time and the resulting exposure of more of the northern Rodinia land area to seaways, this paleogeography would have been uniquely suited to drive rapid basalt weathering. However, even though full break-up of Rodinia did not occur until the Ediacaran, LIP magmatism on the continents appears to have declined precipitously following the Franklin event (Fig. 2) . Several relatively small LIP's were emplaced in the middle Ediacaran as the Iapetus Ocean opened (Ernst et al., 2008; McCausland et al., 2011) , but combined with the drift of this region across the sub-tropics and towards higher latitudes (Li et al., 2013) , their impact on global silicate weathering would have been minimal compared to that of the northern Rodinia LIP's leading up to the Cryogenian glaciation.
Method summary
Summaries of the methods used for this study are outlined below. Full details of these methods are provided in the supplementary information.
Carbon isotopes
Carbon isotope analyses were performed following conventional procedures (e.g. Halverson et al., 2010) . In short, sample powders were drilled from slabs of carbonate hand samples, avoiding fractures, heterogeneities, and weathered surfaces. Aliquots of approximately 50-100 μg of the homogenized, powdered samples were analyzed via dual-inlet mass spectrometry on a Nu Instruments Perspective™ at McGill University. All data are expressed in conventional per mil (h) notation and calibrated to the Vienna Pee Dee Belemnite (VPDB) reference standard. This new compilation can be found in Table S1 of the accompanying supplementary material.
Sm-Nd isotopes
Nd and Sm isotope ratios of mudstone, iron formation, and basalt samples were analyzed via thermal ionization mass spectrometry (TIMS) on a Thermo Triton™ mass spectrometer following standard multi-acid dissolution and anion exchange chromatography protocols at Geotop/Université du Québec à Montréal. Nd isotope ratios ( 143 Nd/ 144 Nd) are presented as ε Nd(t) , where the 144 Nd/ 143 Nd ratio is normalized to CHUR as a function of age (t) and expressed in parts per ten thousand (Table S2) .
Sr isotopes
Carbonates were pre-screened based on their Mg/Ca, Mn/Sr, Sr, and where possible, Rb concentrations or Rb/Sr ratios. Although generally samples with low Mg/Ca (<0.01), Mn/Sr (<0.1), and Rb/Sr (<0.1) and high Sr concentrations (>500 ppm) are optimal, the criteria are variable for each succession, with the degree of alteration a function of the initial mineralogy and post-burial history of each sample (Edwards et al., 2015) . Prescreened samples were leached with ammonium acetate and then rinsed three times in MQH 2 O. The calcite fraction of the samples was then dissolved in 0.5 M acetic acid. Following anion exchange chromatography, the isolated Sr fractions were measured via thermal ionization mass spectrometry (TIMS) on a Thermo Triton™ at Geotop/Université du Québec à Montréal. This data can be found in Table S3.
Results

C isotope compilation
The compilation of δ 13 C carb values shown in Fig. 2 is modified from previous compilations (Halverson et al., 2005 , with additional data from Maloof et al. (2010) and Swanson-Hysell et al. (2010) and new data from Yukon (Macdonald et al., 2012 and this contribution), the southern Urals (Kuznetsov et al., 2006) and Siberia (Knoll et al., 1995 and this contribution) , which extend the record back to the Mesoproterozoic-Neoproterozoic boundary. The age constraints for these successions, in particular in the Urals and Siberia, are very poor, but the relative ages are robust. This compilation suggests that moderate fluctuations in δ 13 C (up to 6h) were a feature of the earliest Neoproterozoic, but extreme 13 C-enrichment (>5h) did not begin until ca. 850 Ma. Another key feature of the revised δ 13 C carb record is the clear offset (i.e. >10 m.y.) between the minima of the pre-Sturtian Islay anomaly Table S2 for sources of previously published data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) and the onset of the Sturtian glaciation . Indeed, the Sturtian glaciation now appears to be presaged instead by a sharp rise in δ 13 C (from <−5h to >5h).
The carbon isotope compilation is used to calibrate both the Nd and Sr isotope records, such that even if ages for individual samples are not always accurate or precise, the relative ages of the C, Nd, and Sr isotope data sets are harmonized. Age calibrations are revised from age models in Halverson et al. (2010) and Swanson-Hysell et al. (2010) , with modifications based on new ages from northwest Canada (Macdonald et al., 2010; Strauss et al., 2014; Rooney et al., 2014 Rooney et al., , 2015 . For each individual succession, ages between calibration points were determined, where possible, by basic thermal subsidence modeling (e.g. Halverson et al., 2002; Le Guerroué et al., 2006) . Where this technique was not possible, or over short stratigraphic intervals, age models were constructed by linear interpolation between correlated ages based on the assumption of constant sediment accumulation rates.
Nd isotope compilation
Samples selected for Nd isotope analyses include mudstones, the matrices of glacial diamictite and iron formation. Our new data from North America, Australia, and Svalbard were combined with published data from North America, Australia, and South China (Table S2) to generate the four regional compilations shown in Fig. 3 .
The Nd compilation from NW Laurentia displays a strikingly similar pattern to South China and Australia (Barovich and Foden, 2000; Wang et al., 2011) , which together define a broad high in ε Nd leading into the Cryogenian period, followed by a marked decline from the late Cryogenian to the early Palaeozoic (Fig. 3a-c) .
These data are consistent with Laurentia's position close to Australia and South China in northern Rodinia (Fig. 1) (Colpron et al., 2003) . Data from mudstones in Svalbard, which lay off Laurentia ( Fig. 1) , also show a rise in ε Nd values preceding Sturtian glaciation and an abrupt decline afterwards. These results imply a prominent juvenile source area leading into Cryogenian glaciation, consistent with an extensive Franklin LIP and our paleogeographic reconstruction (Fig. 1) . The Australian Nd compilation is distinct from the Laurentian data insofar as values are close to that of Australian continental basement (∼−10) in the early Neoproterozoic but rise to near zero in the matrix of Sturtian glacial deposits. This trend presumably reflects the low abundance of basalt on Australia prior to emplacement of the Willouran and possibly Guibei LIP and the dominance of basaltic provenance by the onset of the Sturtian glaciation.
We also analyzed syn-glacial iron formation (IF) in Australia and Canada, which in both cases comprise a combination of hematitic jaspilite and mudstone (Klein and Beukes, 1993; Cox et al., 2016) . Samples from the Rapitan IF in NW Laurentia, which occurs within basalt clast-rich glacial deposits, show a range of relatively high ε Nd (−4 to +2), with the most juvenile values overlapping the temporal arrays of the Gunbarrel and Franklin LIP's (Fig. 3) . The Holowilena IF in South Australia has higher detrital content and displays a larger range in ε Nd (−10 to −3), but still overlaps the Mundine Well LIP array (Fig. 3b) . Together, these data reflect the preponderance of juvenile Nd in both the waters and sediments of the basins in which they formed.
Modeling the mafic contribution to detrital sediments ( f maf )
To estimate the magnitude of the basaltic component of mudstone samples ( f maf = fraction derived from CFB), a mixing lattice was constructed utilizing the measured Nd concentrations and initial Nd isotope ratios ( 143 Nd/ 144 Nd (i) ) of local LIP's and cratonic basement (Fig. 4) values for the basaltic end member for each region (i.e. northern Laurentia, Australia, South China) in the calculations. In contrast, the cratonic basement province (CBP) end member is allowed to vary in [Nd] . The ε Nd value used for the CBP end member is estimated from the compilation of ε Nd data available for cratonic basement of each region (Fig. 4a, b, c) . The resulting contoured mixing lattices (Fig. 4d , e, f) can be used to calculate the contribution of CFB to the mudstone samples based on their ε Nd and Nd concentrations, and hence to calculate an f maf value (Figs. 4g-i, 5 ) for each sample. From these data, we constructed f maf curves for each region by applying a 10-point locally weighted scatterplot smoothing process (LOESS). The f maf profiles elucidate the prominent shift from mafic to fel- 5 . Fraction ( f ) of detrital sediments derived from weathering of a mafic (LIP) source provenance. Mafic fractions ( f maf ) were calculated for composite datasets from northern Laurentia (NW Laurentia plus Svalbard), Australia, and South China. Data for each region were smoothed using a ten-point LOESS fit. sic provenance spanning the Cryogenian period (Fig. 5) . During the Ediacaran, f maf values from North America and Australia decline towards a dominantly CBP provenance, likely enhanced by the final stages of Rodinia break-up, which was not accompanied by massive CFB volcanism (Fig. 2b) . The f maf data also reveal important distinctions between regions. For example, f maf rises abruptly from lower values in the early Neoproterozoic in both South China and Australia, reflecting the importance of ca. 830 Ma Willouran and Guibei LIP's in covering old continental crust with young basalts. This compilation is revised from previous versions (Halverson et al., 2007 , with both new, unpublished data and previously published data. See Table S2 for a complete account of data used in this compilation. Inset shows in detail the stepwise evolution of seawater 87 Sr/ 86 Sr spanning the Cryogenian period.
In South China, the CFB contribution is >80% prior to the onset of the Cryogenian and declines to the lowest values (∼0.2) by the close of the Cryogenian.
Sr isotope compilation
The compilation of 87 Sr/ 86 Sr data shown in Fig. 6 is revised from previous compilations (Halverson et al., 2007 and includes data from Kaufman et al. (1993) , Burns et al. (1994) , Misi and Veizer (1998) (Fig. 6) , attesting to the role of Sturtian glaciation in removing unradiogenic basalt and exposing fresh, old, continental crust . Strontium isotope ratios again shift abruptly upward (to >0.7080) in the early Ediacaran, reflecting further removal of CFB cover from the conti- 
Discussion
Silicate weathering of CFB's in the Neoproterozoic
The Nd isotope compilation for mudstones and coupled f maf calculations reveal an exceptionally high detrital contribution from mafic lithologies to sedimentary basins in northern Rodinian during the early-middle Neoproterozoic, followed by a sharp decline spanning the Cryogenian glaciations (Figs. 6, 7) . These results are consistent with the geological record, which shows a flare-up in LIP's between ca. 850-720 Ma, with many of these clustered around northern Rodinia, followed by a lull in LIP emplacement during the latter Cryogenian and early Ediacaran periods.
Given the global paleogeography leading into Cryogenian glaciation, with the extensive CFB provinces located in the tropics (Fig. 1) , it is reasonable to assume that these basalts were not only extensively physically weathered, but also intensely chemically weathered. Indeed, physical and chemical weathering are closely coupled (Gaillardet et al., 1999; Maher and Chamberlain, 2014) , and several direct lines of evidence attest to the role of chemical weathering of these CFB's and their influence on riverine solute fluxes to the early Neoproterozoic oceans. First, ε Nd data on marine carbonates from the paleo-Pacific Ocean (Keto and Jacobsen, 1988) show a virtually identical trend to our mudstone data (Fig. 7) , with high pre-Cryogenian values and sharply declining Ediacaran values, implicating a prominent early Neoproterozoic source of dissolved juvenile Nd to seawater. Second, a compilation of chemical index of alteration (CIA) data from the studied basins in northern Rodinia shows moderately to strongly chemically weathered signatures in early Neoproterozoic samples, clearly offset from CFB and average upper continental crust (Fig. S2) . Finally, the seawater strontium isotope record, which is sensitive to the abundance of CFB's due to their unradiogenic initial Sr-isotopic compositions (Taylor and Lasaga, 1999) , mirrors the Nd isotope trends, providing independent evidence of the Cryogenian removal of the flood basalt carapace from northern Rodinia. Consequently the combined dataset of Nd and Sr isotopes supports enhanced silicate weathering of CFB's during the middle Neoproterozoic, and in particular leading into the Cryogenian period.
Lithological controls on phosphorus supply and the role of CFB versus arc weathering
If it is assumed that phosphorus is the limiting nutrient on geological timescales (Tyrrell, 1999) , the variations in phosphorus con-tent within continental lithologies must exert significant control on primary productivity over geological time scales. To demonstrate the importance of surficial lithology on globally integrated P fluxes from the continents, we have compiled ∼14,000 analyses of Archean cratonic basement rocks, ∼13,000 CFB samples, and ∼68,000 arc volcanics (Fig. 8) . Similar to the results of Horton (2015), these datasets reveal that the peak in P 2 O 5 concentration occurs between 50-53% SiO 2 , which corresponds to an overall mafic (i.e. primitive) composition. Interestingly, the broad shape of this P 2 O 5 vs. SiO 2 distribution closely matches the theoretical fractional crystallization path for a basaltic melt. This suggests that the P-enrichment observed in these datasets is largely the result of the high solubility of P in basaltic magmas (Toplis et al., 1994) and that basaltic compositions are reached before apatite saturation. Adjusting this model to include the effect of assimilation and fractional crystallization (AFC) results in higher P 2 O 5 for any given SiO 2 composition. Importantly, similar peak P 2 O 5 concentrations also occur in basalts in arc-related volcanics (Fig. 8b) , and this enrichment, as compared to oceanic equivalents (i.e. MORB; Fig. 8c ) is also likely the result of AFC processes. However, whereas arc-basalts are Penriched, most arc-related volcanics are andesitic in composition, and these contain significantly less P 2 O 5 (Fig. 8b) . Therefore, although arc weathering presumably plays an important role in the long-term continental P flux to the oceans, it does not have the same potential to dramatically alter P fluxes as do more rapidly emplaced and removed CFB's.
Additional evidence suggests that the variations in f maf and 87 Sr/ 86 Sr spanning the Cryogenian glaciations are most likely due to weathering of CFB and not other mafic lithologies. First, with the possible exception of South China (Zhao and Zhou, 2007) , volcanic arcs were absent in northern Rodinia during the middle Neoproterozoic (Li et al., 2013) . And although early Neoproterozoic basins in northern Laurentia (Macdonald et al., 2012; Turner and Bekker, 2015) and Australia were the result of continental rifting prior to the onset of Rodinia break-up, these rifting events were largely non-magmatic. Nor did fluctuations in arc length likely contribute significantly to a global increase in mafic weathering in the middle Neoproterozoic. Both theoretical considerations (Silver and Behn, 2008) and global U-Pb zircon age compilations (Cawood et al., 2013; McKenzie et al., 2014; Roberts and Spencer, 2015) (Fig. 7) suggest that total continental arc length was near a long-term minimum leading into Cryogenian glaciation and did not peak until the late Ediacaran-coincident with the Neoproterozoic maximum in 87 Sr/ 86 Sr. Consequently, although we cannot rule out a contribution of juvenile Nd from isolated rift-or arc-related volcanics, we interpret the f maf values (Fig. 6) to reflect principally the contribution of CFB weathering relative to the underlying continental basement. with respect to SiO 2 as Archean basement rocks. Whereas peak P 2 O 5 for CFB also occurs at broadly basaltic compositions, it is evident that CFB's have even higher P 2 O 5 concentrations than Archean basement (median P 2 O 5 of CFB is 3.75 times great than that of Archean basement) making them a significant source of P 2 O 5 .
Values for UCC and PAAS are from McLennan (1985, 1995) . (c) A compilation of ∼68,000 convergent margin (i.e. arc) volcanic samples again showing that peak P 2 O 5 concentrations are associated with basaltic compositions. Median P 2 O 5 for this arc compilation is 0.17%. In all diagrams, the red dashed line is the theoretical fractional crystallization (FC) path for a primitive basaltic melt, which reveals the high solubility of P in melts of basaltic composition and that such compositions are reached before apatite saturation (apatite saturation occurs at the major downward deflection in the red and orange dashed lines). Consequently, P is not depleted by removal associated with a fractionating P bearing phase. Furthermore, when erupted, P will be concentrated in easily weathered volcanic glass and not in highly resistant apatite. Orange line is the assimilation and fractional crystalization (AFC) path where the assimilating material is the upper continental crust. Red stars show the medium SiO 2 and P 2 O 5 for each compilation. FC and AFC paths were calculated using the alphaMELTS modeling software (Ghiorso and Sack, 1995; Smith and Asimow, 2005) . Archean basement, CFB and arc data is from the GEOROC repository (http://georoc.mpch-mainz.gwdg.de/georoc/Start.asp) while MORB data is from Jenner and O'Neill (2012) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The biogeochemical impact of CFB weathering
Previous estimates by Horton (2015) and a compilation of chemical index of alteration (CIA) data from the studied basins (Fig. S1) indicate that approximately half of the initial mass of CFB source rocks was dissolved via chemical weathering during the Neoproterozoic. Given that CFB's have on average ∼3 times as much P as typical continental crust, with much of this P residing in the fine-grained matrix (i.e., glass), and that Neoproterozoic LIP's, in particular the ca. 780 Ma Gunbarrel LIP (median P 2 O 2 ≈ 0.5), are exceptionally rich in P (Horton, 2015) , it follows that the early-middle Neoproterozoic would have experienced a sustained, anomalously high continental flux of phosphorus to the global oceans. This P flux was likely coupled to iron via adsorption onto ferric oxyhydroxides formed during oxidative weathering (Laakso and Schrag, 2014) of the CFB's and subsequent liberation in estuaries by desorption upon mixing of river and seawater (Froelich, 1988) and in porewaters of anoxic continental margin sediments by a combination of dissimilatory iron reduction, which likely played an important role in Precambrian iron cycling (Severmann et al., 2008; Li et al., 2015) , and sulfide-catalyzed reduction of iron oxides (Poulton et al., 2015) .
Direct evidence for the elevated terrestrial P flux in the Neoproterozoic is seen in the marked phosphorus enrichment observed in Cryogenian iron formation (Planavsky et al., 2010) , which is thought to be the result of leaching of continental margin sediments dominated by basaltic detritus (Cox et al., 2016) . Indirect evidence of the elevated P flux is found in the exceptionally high δ 13 C carb values that prevailed through much of the early-middle Neoproterozoic. Assuming that P limited net primary productivity, then it follows that increased P would have increased organic carbon burial. Because the increased P flux would typically be accompanied by increased alkalinity flux (hence higher inorganic carbon burial) (Holland, 1984; Holland and Bekker, 2012) , this factor alone should not strongly influence δ 13 C carb . However, our calculations show that P/(CO 2 D) ratios -a measure of the P released compared to CO 2 consumed during dissolution, and ultimately alkalinity generated by this process, is ∼3 times greater for average CFB than for either average continental basement or mid-ocean ridge basalt (see supplementary information). Therefore, higher organic carbon burial would also have translated into higher fractional organic carbon burial ( f org = organic carbon burial/total carbon burial) and higher δ 13 C carb values, consistent with typically 13 Cenriched carbonates during the early-middle Neoproterozoic (up to +8h; Fig. 7) . Conversely, the decrease in f maf from ∼0.6 to ∼0.3
across the Cryogenian implies a six-fold decrease in total P flux from northern Rodinia, and this decline aligns with the observation that average δ 13 C carb values are much lower in the Ediacaran than in the early Neoproterozoic (Fig. 2) . Importantly, although it is likely that fertilization via weathering of CFB's helps to explain early-middle Neoproterozoic carbon isotope record (Horton, 2015) , this mechanism alone cannot explain the very high average δ 13 C carb that prevailed for most of this time. Based on a simple model of the exogenic carbon cycle in which f org is controlled by the P flux (see supplementary information), we find that the increased P flux from CFB weathering accounts for ∼ 2h of the δ 13 C carb values above the typical Proterozoic background of 0h. Consequently, other factors are required to explain the sustained high δ 13 C carb . One explanation for further enhancement in organic carbon burial is the redox-dependent P-feedback (Van Cappellen and Ingall, 1994) , by which organicbound P would have been efficiently recycled during anaerobic remineralization of primary organic matter under the dominantly anoxic deep waters (Sperling et al., 2013) of the early Neoproterozoic oceans. Another factor contributing to the high δ 13 C carb values may have been authigenic carbonate production and burial , which would have been enhanced on continental shelves experiencing high primary production (Higgins et al., 2009 ).
A CFB-weathering trigger for snowball glaciation?
At the onset of the Cryogenian period, the Franklin CFB sat entirely within the tropics (Denyzsyn et al., 2009a (Denyzsyn et al., , 2009b (Fig. 1) where it would have had maximal impact on atmospheric CO 2 due to the sensitivity of hydrolysis reactions to temperature and rainfall Allègre et al., 2010; Kent and Muttoni, 2013 (Fig. S6 ), including CAMP, for which an abrupt decline in atmospheric CO 2 has been reported (Schaller et al., 2012) . Hence, chemical weathering in the pre-Cryogenian (i.e., Tonian) interval was exceptionally dominated by the hydrolysis of CFB's in the tropics.
In addition to the increase basalt weathering at this time, the accompanying elevated P flux fueled greater primary productivity, raising f org (as seen in the sharp rise in δ 13 C carb following the Islay negative anomaly), expanding anoxia on proximal continental margins, and increasing biological drawdown of atmospheric CO 2 . This eutrophication would have both increased P recycling-providing a strong positive feedback to primary productivity-and transiently drawn down CO 2 due to increased alkalinity generated by bacterial iron and sulfate reduction (Tziperman et al., 2011) . Under prevailing conditions of already low atmospheric CO 2 levels due to enhanced silicate weathering, this alkalinity pump to the deep ocean may have provided the final nudge past the critical pCO 2 threshold (Hoffman et al., 1998; Goddéris et al., 2003; Donnadieu et al., 2004) for triggering runaway glaciation.
Conclusions
Coupled Nd and Sr isotope data sets for the Neoproterozoic reveal that weathering of unusually extensive continental flood basalts between ca. 850 and 717 Ma dominated the global silicate weathering feedback and continental chemical fluxes to the oceans. This effect was enhanced in the middle Neoproterozoic as the Rodinia supercontinent drifted into the tropics and began to rift apart, exposing more of these CFB's to warm, moist conditions that increased the rates of hydrolysis reactions. These CFB's were largely (but not exclusively) clustered in northern Laurentia and neighboring cratons (Fig. 1) . Because CFB's are strongly enriched in phosphorus relative to typical continental crust, the high weathering rate of the CFB's would have fertilized the global oceans (Horton, 2015) . High riverine P fluxes, combined with extensive anoxia on continental margins (Sperling et al., 2013) , would have promoted efficient P recycling, sustaining high rates of organic carbon burial, as indicated by the carbon isotope record at this time. This additional control of CFB weathering on atmospheric CO 2 levels adds credibility to the Fire and Ice hypothesis (Goddéris et al., 2003; Donnadieu et al., 2004) , in which it is argued that weathering of CFB's lowered pCO 2 sufficiently to trigger snowball glaciation. Our new data suggest specifically that it was the emplacement and rapid weathering of the Franklin LIP that pushed the Earth system across this critical threshold and ushered in the extraordinary climatic and geochemical perturbations that characterize the Neoproterozoic Era.
If intensified chemical weathering of Neoproterozoic CFB's and coupled fertilization of the oceans (Horton, 2015) triggered glaciation through rapid consumption of CO 2 , Snowball glaciation itself was a powerful negative feedback on CFB weathering. It was previously argued that Cryogenian glaciation would have radically altered the global continental surface by removing a veneer of infertile regolith that developed on continental interiors and leaving behind a fresh, weatherable surface (Swanson-Hysell et al., 2010) . Perhaps more importantly, Cryogenian glaciations stripped the continents of their blanket of basalt, removing the source of nutrients that sustained long-lived positive carbon isotope perturbation and preventing subsequent snowball glaciations.
